Abstract: As a generic model describing quasione-dimensional Mott and Peierls insulators, we investigate the Holstein-Hubbard model for halffilled bands using numerical techniques. Combining Lanczos diagonalization with Chebyshev moment expansion we calculate exactly the photoemission and inverse photoemission spectra and use these to establish the phase diagram of the model. While polaronic features emerge only at strong electronphonon couplings, pronounced phonon signatures, such as multi-quanta band states, can be found in the Mott insulating regime as well. In order to corroborate the Mott to Peierls transition scenario, we determine the spin and charge excitation gaps by a finite-size scaling analysis based on density-matrix renormalization group calculations.
Introduction
The one-dimensional (1D) Holstein-Hubbard model (HHM) has been used extensively to describe for novel low-dimensional materials, e.g., conjugated polymers, organic charge transfer salts or halogenbridged transition metal complexes, and the associated metal-insulator and insulator-insulator transitions The HHM accounts for a tight-binding electron band, intra-site Coulomb repulsion between electrons of opposite spin, and a local coupling of the charge carriers to the phonon system:
The physics of the HHM is governed by the competition between electron itinerancy (H e d
) and charge (c 6 f ) excitations are finite in the PI, the spin gap vanishes in the 1D MI, which is related to spin charge separation. We begin by studying the spectral density of singleparticle excitations associated with the injection of a spin-electron with wave number , $ @ (
( inverse photoemission (IPE)), and the corresponding quantity for the emission of an electron, 6 @ (
o beys various sum rules and allows for a connection to angleresolved photoemission spectroscopy (ARPES). The ED results presented for @ (
i n the following were obtained for an eight-site system with periodic boundary conditions. Let us first consider the MI regime (Fig. 2) . The most prominent feature we observe in the MI regime is the opening of a gap at © k l U m 
Fig. 3: PE (red lines) and IPE (black lines) spectra near the MI-PI transition point (S n W
) .
If we decrease the Hubbard interaction at fixed EP coupling strength the Mott-Hubbard gap weakens and finally closes at about
, which marks the MI-PI crossover (see Fig. 3 ). Approaching the critical point from above and below, the ground state and the first excited state become degenerate. These states have different eigenvalues y of the site-inversion operator If the Hubbard interaction is further reduced, a CDW accompanied by a dimerization of the lattice develops. As a result the electronic band structure becomes gapped again (see Fig. 4 (upper panel) ). The form of the spectra, however, is quite different from MI case. While in the MI regime the lowest peak in each sector is clearly the dominant one, in the BI phase rather broad (I)PE signatures appear. Within these excitation bands the spectral weight is almost uniformly distributed, which is a clear signature of multi-phonon absorption and emission processes that accompany every single-particle excitations in the PI. The lineshape then reflects the (Poisson-like) distribution of the phonons in the ground state. Again low-intensity "shadow bands" become visible. The situation changes radically if the insulating behavior is associated with localized bipolarons forming a CDW state (see Fig. 4 , lower panel). Due to strong polaronic effects an almost flat band dispersion results with exponentially small (electronic) quasiparticle weight. Now the dominant peaks in the incoherent part of the (I)PE spectra are related to multiples of the (large) bare phonon frequency broadened by electronic excitations.
